Introduction
Dense carbon dioxide, that is liquid or supercritical carbon dioxide (scCO 2 ), offers unique properties as a reaction medium, such as variation of the solvent properties through the density; volatility at ambient conditions, thus enabling facile removal of the solvent; environmental friendliness and non-toxicity. [1] In reactions of gaseous substrates, the high miscibility of scCO 2 with some gases can additionally help to avoid mass transport limitations, which are frequently encountered in such reactions. In polymerisation processes and polymer processing, the CO 2 solvent or suspension medium, respectively, can be removed conveniently by reducing the pressure, resulting in a dry polymer product. This can be of interest, for example, to eliminate emissions of volatile organic compounds. The aforementioned unique properties of CO 2 can be employed to control polymer morphologies. In some cases, the elimination of energy-intensive drying procedures may be environmentally and economically beneficial, though the effort for compression of CO 2 must also be considered. [2] Most studies of polymerisation in CO 2 dealt with free-radical polymerisation, although an early example of cationic polymerization was reported in the 1960s. [3] Interest increased considerably with the report of homogeneous polymerisation in scCO 2 to afford soluble amorphous fluoropolymers in the 1990s. [4] Free-radical polymerisation in scCO 2 under heterogeneous conditions, either as precipitation, dispersion or emulsion polymerisations, has also been studied recently. Typical monomers investigated are methylmethacrylate, [5] styrene, [6] vinyl acetate and acrylamide. [2] By contrast to free-radical polymerisations, catalytic polymerisation offers control of polymer microstructures in general terms. [7, 8] Traditional Ziegler and metallocene catalysts are based on early transition metals. Due to their high oxophilicity, early-transition-metal complexes are likely to react with CO 2 . Late-transition-metal complexes are much less oxophilic, as demonstrated by the possibility of copolymerisation of polar monomers like acrylates [9] and polymerisation in aqueous emulsions. [10, 11, 12] Ring-opening metathesis polymerisation (ROMP) of norbornene and derivatives, [13, 14] polycarbonate synthesis from CO 2 and epoxides [15, 16] and Abstract: A series of neutral Ni II -salicylaldiminato complexes substituted with perfluorooctyl-and trifluoromethyl groups, [Ni{k
A C H T U N G T R E N N U N G C 6 H 3 , R' = I) were studied as catalyst precursors for ethylene polymerisation in supercritical CO 2 . Catalyst precursors 6 a and 6 c, which are soluble in scCO 2 , afford the highest polymer yields, corresponding to 2 10 3 turnovers. Semicrystalline polyethylene (M n typically 10 4 g mol
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Keywords: carbon dioxide · fluorinated ligands · homogeneous catalysis · nickel · polyethylene · polymerization phenylacetylene polymerisation [17] have been reported in scCO 2 as a reaction medium. Ethylene polymerisation has been studied in scCO 2 with Brookharts palladium catalyst, with an emphasis on the analysis of the microstructure of the highly branched, amorphous polyethylenes formed. [18, 19] Also, the synthesis of polyketones by olefin/CO copolymerisation has been investigated. [20] Ethylene polymerisation with neutral Ni II complexes has received renewed interest, as these catalysts are more functional-group tolerant than their cationic Ni II counterparts. [10, 11, 21] k 2 -N,O-salicylaldiminato-Ni II complexes are very active for ethylene polymerisation, and afford high molecular weight polyethylene (M n > 10 5 g mol À1 ) at the same time. [21] Remote substituents of the salicylaldiminato ligand can strongly influence the degree of branching and polymer molecular weight, by promoting or retarding b-hydride transfer. Thus, ethylene homopolymerisation affords polyethylenes ranging from semicrystalline, nearly linear to amorphous, highly branched. [22] The unique combination of versatility and functional group tolerance prompted us to study polymerisation in CO 2 as a reaction medium with these complexes. Nickel(II) complexes with perfluoroalkylsubstituted salicylaldimine ligands, which render them "CO 2 -philic", [23] were prepared for this purpose.
Results and Discussion
Complex synthesis and properties: As outlined, remote substituents of N-terphenylsalicylaldiminato-Ni II complexes have a strong impact on their polymerisation properties, namely molecular weight and degree of branching of ethylene homopolymers (Scheme 1). [22] For example, whereas for R = CF 3 high molecular weight, nearly linear semicrystalline polyethylene is obtained (M w = 10 5 g mol À1 ; 10 branches per 1000 C atoms), a catalyst precursor with R = CH 3 affords highly branched, entirely amorphous low molecular-weight polymer (M w = 2.3 10 3 g mol À1 ; 76 branches per 1000 C atoms).
Based on these insights, complexes were targeted with long-chain perfluoroalkyl substituents (R F ), which should enhance solubility in scCO 2 , [23] but without insulating -CH 2 -spacers. Perfluorinated octyl groups (R F = C 8 F 17 ) were introduced by copper-catalysed coupling, affording the aryl bromide 1. [24] In analogy to the synthesis of the aforementioned terphenyl-substituted salicylaldimines, [22, 25] transformation of bromide 1 into a boronic acid (2) followed by Suzuki coupling afforded aniline 3, which bears para-R Fsubstituted aryl groups in the 2,6-positions. Condensation of 3 with 3,5-diiodosalicylaldehyde yielded salicylaldimine 5 a in 70 % yield (Scheme 2). Using a similar synthetic approach, aniline 3' bearing para-CF 3 -substituted aryl groups in the 2,6-positions was prepared, starting from 1-bromo-4-(trifluoromethyl)benzene, and converted to the corresponding imine 5 b (Scheme 3).
Employing aldehyde 4' [26] substituted with 3,5-(CF 3 ) 2 -A C H T U N G T R E N N U N G (C 6 H 3 ) groups introduces a higher number of fluorinated groups to the ligand backbone, [27] and can also render the salicylaldimine ligand more electron withdrawing. Condensation with different anilines afforded salicylaldimines 5 c and 5 d. Efforts to prepare a ligand containing para-R F -substituted aryl groups in the aldehyde moiety, through Suzuki coupling of 1 and 4, failed. [28] The aforementioned synthesis afforded a set of salicylaldimines (5 a-5 d) with systematically varied substitution patterns and a fluorine content ranging from 16-54 wt. %. This degree of fluorination is well in the range required for CO 2 solubility with catalytic species. [29] Indeed, preliminary solubility experiments carried out with ligands 5 a and 5 c showed a sufficient solubility in supercritical CO 2 at concentrations required for the use as a catalyst precursor. [30] 
[31] (tmeda: N,N,N,N-tetramethylethylenediamine) with the corresponding fluorinated Scheme 1. Effect of remote substituents in ethylene polymerisation (*: monosubstitution only of the aryl groups for NO 2 ). [22] Scheme 2. Synthesis of perfluorinated salicylaldimine 5 a. C NMR spectroscopy shows the presence of a single isomer at room temperature for all compounds. The nickel-bound methyl group and the O donor atom are arranged in a trans position, as previously found for similar nickel-salicylaldiminato complexes (Scheme 4). [22, 32] It has been documented that nickel complexes can react with CO 2 , which would result in catalyst deactivation. [33] For example, insertion of carbon dioxide into a Ni-ethyl bond of [Ni(Et) 2 A C H T U N G T R E N N U N G (bipy)], to afford diethylketone and the nickel pro-
, has been reported. [34] We studied the reactivity of 6 b towards CO 2 by bubbling CO 2 through a solution of 6 b in [D 6 ]benzene for an hour at room temperature. Neither disappearance of the NiÀMe signal, nor variation of the pyridine signals were observed (see Figure S1 in Supporting Information). Under the conditions investigated, there is no evidence of any reaction of 6 b with CO 2 .
Polymerisation experiments: Complexes 6 a-6 d, and for comparison also the known [22] complex 6 e (Scheme 4), were studied as catalyst precursors for ethylene polymerisation in supercritical carbon dioxide. The complexes were introduced as solids in a 10 mL stainless-steel high-pressure reactor equipped with thick-walled borosilicate windows. The vessel was pressurised with ethylene to 40 bar at room temperature, and CO 2 was condensed in at 0 8C. Complexes 6 c and 6 d instantaneously dissolved affording a bright orange-red solution, which shows the high solubility of these precursors in compressed CO 2 . Complex 6 a was completely soluble upon warming to 10 8C, whereas 6 e was dissolved completely only at 20
. For complex 6 b almost no solubility was observed even at 50 8C in neat CO 2 (pA C H T U N G T R E N N U N G (CO 2 ) = 126 bar), and therefore catalysis with this compound was not further studied.
Ethylene polymerisation with the different catalyst precursors was studied at 50 8C ( Table 1) . The reaction could be followed visually through the windows of the pressure reactor. Upon warming to the reaction temperature, the orange solution became turbid already at 35 8C, indicating that polyethylene precipitated. After 1 h of reaction, significant amounts of polymer had precipitated and the reactor was carefully vented, extracting at the same time unreacted monomer or any low-molecularweight oligomers of ethylene. The polyethylene formed was obtained as a dry powder. True catalyst activities cannot be derived from the present data, as no conversion/time profiles are available. From the observation of immediate onset of turbidity it appears that there is no significant induction period. Furthermore, the total turnover numbers (TON = molA C H T U N G T R E N N U N G (ethylene)/mol(Ni)) at identical reaction times provide evidence for the relative catalyst performance. Overall productivities are highest with 6 a and 6 c, approaching 2 10 3 TONs within one hour. Note www.chemeurj.org that these productivities are not limited by a complete consumption of ethylene, as the initial amount of ethylene in the reactor is 0.8-1 g, corresponding to a substrate to nickel ratio of approximately 8 10 3 . Catalyst precursor 6 e, which previously showed high activity in toluene and water, [22, 36] is also active in supercritical carbon dioxide as solvent. Complex 6 d, which contains the largest number of CO 2 -philic groups, was found to be the least active probably due to fast decomposition of the catalyst, as evidenced by the yellowish colour of the reaction mixture, a typical indication for decomposition for these salicylaldimine complexes. The initial pressure of 40 bar ethylene at room temperature corresponds to an ethylene concentration of approximately 2.3 mol L À1 . [37] This concentration corresponds to polymerisation experiments in toluene solution at about 27 atm (calculating the ethylene concentration with the data of Prausnitz et al.). [38] Activities found for 6 e in toluene at 50 8C are 8 10 3 TON h À1 at 5 bar and 4 10 4 TON h À1 at 40 bar. [22] This indicates that productivities are somewhat lower in scCO 2 by comparison to toluene at the same monomer concentration, but within the same order of magnitude. The lower productivity may be due to the lower solubility of the polymer in scCO 2 as compared with toluene, resulting in precipitation of polymer and possible enclosure of catalyst at an early point, which can reduce catalyst activity. Another important difference is that the polymer will be less swollen with CO 2 than with toluene, which may also contribute to a reduced overall rate.
For 6 c and 6 e, which have also been studied in toluene as a reaction medium, the overall properties of the polyethylenes obtained in scCO 2 and in toluene are similar (toluene; 40 bar ethylene pressure; 50 8C polymerisation temperature; 6 c: M w = 4.6 10 4 g mol À1 ; M w /M n = 2.3; T m = 111 8C; 45 % crystallinity; [26] 6 e: M w = 1.0 10 5 g mol À1 ; M w /M n = 5.1; T m = 123 8C; 50 % crystallinity [22] ). Comparing the polymers prepared in scCO 2 with the different catalyst precursors, branching and thus crystallinity can be varied over a substantial range through the substitution pattern of the salicylaldimine ligand (Table 1) .
Analysis of polymer microstructures by 13 C NMR spectroscopy reveals that the polymers predominantly contain methyl branches; a small amount of ethyl and higher branches (C 4 + ) is also detectable in some spectra ( Figure S2 in the Supporting Information).
Based on these results, polymerisation with 6 c was studied in more detail ( Table 2 ). The effect of reaction temperature was studied (entries 1 to 3). At 30 8C, polymerisation is sluggish. At 70 8C, overall productivity is increased twofold versus polymerisation at 50 8C. This demonstrates that the catalyst is quite temperature stable in scCO 2 . The narrow molecular weight distribution of the polymer obtained at 30 8C (entry 1) indicates that the chain transfer rate is on the same order as the reaction time of 1 h at this temperature, and that living ethylene polymerisation in CO 2 may be possible.
Increased branching occurs with increasing temperature, as expected, resulting in a lower melting temperature of the semicrystalline polyethylene (compare entry 2 with 3). A similar behaviour was found for catalyst precursor 6 e in toluene. [22] The effect of carbon dioxide density on activity was also studied (entries 3-5). For this purpose, the 10 mL reactor used was charged with different amounts of CO 2 (4.3-9.9 g, corresponding to a density of 0.43-0.99 g m L
À1
). As an overall trend, productivities decreased with decreasing density. This results at least partly from insufficient solubility of the catalyst precursor in the reaction medium at lower densities, which could be confirmed visually through the reactor windows ( Table 2) .
Precipitation of polyethylene in carbon dioxide occurs from the very beginning of the reaction, already at 35 8C, as seen through the reactor windows. It was therefore investigated whether appropriate surfactants with a CO 2 -philic and a CO 2 -phobic moiety that can interact with the polyethylene Table 1 . Ethylene polymerisation in scCO 2 with various complexes as catalyst precurors.
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FULL PAPER particles may influence polymer particle formation and polymer morphologies. [5] To this end, preliminary experiments were carried out in the presence of Fluowet NMQ (cationic fluorinated quaternary ammonium salt, see Figure S4 in the Supporting Information), Fluowet PL80 (mixture of perfluorinated phosphinic and phosphonic acid), and perfluorobutyric acid dodecyl ester. All compounds were found to be compatible with the catalyst and no significant deactivation occurred. The presence of the surfactants affects the outcome of the polymerisation reaction in terms of polymer molecular weight, yield and crystallinity (Table 2 , entries 6-9), but no general trends can be derived from the data so far.
The surface morphology of the polyethylene particles formed was studied by transmission electron microscopy (TEM). In the absence of surfactants, large irregular-shaped polyethylene particles are obtained (Figure 1, left) . The presence of the cationic surfactant Fluowet NMQ and the neutral perfluorobutyric acid dodecyl ester appears to result in somewhat smaller and more compact particles with needle-like structures on their surface ( Figure 1 middle and right).
Summary and Conclusions
Ethylene can be polymerised in a precipitation polymerisation process by using scCO 2 as a reaction medium with neutral Ni II complexes as catalysts. Semicrystalline polyethylene is obtained. The branching structure, and thus the crystallinity of the polymer can be altered through variation of the catalyst and the reaction conditions employed. This differs from a previous report on ethylene polymerisation with a cationic Pd-diimine complex, which invariably affords highly branched amorphous polyethylene with a given overall degree of branching.
[19b] Catalyst precursors soluble in the reaction medium are required for high catalyst activities. A series of nickel(II)-salicylaldiminato complexes with various substitution patterns of perfluorooctyl and trifluoromethylgroups was prepared. Solubility in scCO 2 increases not only with increasing fluorine content, but also with the number of fluorine-containing moieties. Complex 6 c, with eight trifluoromethyl groups, is well soluble in scCO 2 . A comparison with toluene as a reaction medium indicates that catalyst productivities are slightly lower in scCO 2 under comparable conditions. The presence of surfactants appears to alter polymer morphologies on a micron scale.
Experimental Section
General procedures and materials: All reactions were carried out by using standard Schlenk techniques under an argon atmosphere. Solvents were distilled and deoxygenated prior to use. Ethylene (2.5 grade) and carbon dioxide (5.5 grade) supplied by Praxair were used without further purification. [NiA C H T U N G T R E N N U N G (tmeda)(Me) 2 ] was supplied by MCat (Konstanz). 4-(Trifluoromethyl)phenylboronic acid [39] (2'), 6-C(H)=O-2,4-{3,5-(F 3 C) 2 C 6 H 3 } 2 C 6 H 2 OH (4'), [26] and 6-C(
, [26] and complexes 6 c [26] and 6 e [22] were prepared according to known procedures. Perfluorinated surfactants FLUOWET NMQ and Fluowet PL80 were provided by Clariant GmbH. 1 H and 13 C NMR spectra were recorded on either a Bruker ARX 300, a Bruker Avance DRX 600 or a Varian Inova 400 spectrometer.
1 H and 13 C chemical shifts were referenced to solvent signals. Assignments were made from NOE, gCOSY and gHMQC experiments (for numbering of atoms see Scheme 4). High-temperature NMR spectroscopy for polyethylene characterisation was performed in [D 2 ]1,1,2,2-tetrachloroethane at 100 8C. Elemental analyses were carried out on a Elementar Vario EL Instrument at Freiburg University. Mass spectra were obtained with a Thermoelectron TSQ-7000 mass spectrometer at Freiburg University. Differential scanning calorimetry (DSC) was performed on a Netzsch DSC 204 F1 at a heating rate of 10 K min À1 . DSC data reported are from second heating cycles. Molecular weight determination was carried out with a PL GPC-220 instrument using a Mixed B column in trichlorobenzene at 160 8C versus polyethylene standards.
1-Bromo-4-(perfluorooctyl)benzene (1): 4-Bromophenyliodide was treated with C 8 F 17 I in the presence of copper following a reported procedure. [24] Yield: 79 %. Synthesis of 2,6-disubstituted anilines: The corresponding aryl boronic acid (3.16 mmol) in EtOH (3 mL) and an aqueous Na 2 CO 3 solution (2 m, 5 mL) were added to 2,6-dibromoaniline (0.38 g, 1.5 mmol) in toluene (15 mL), and the mixture was degassed. [PdA C H T U N G T R E N N U N G (PPh 3 ) 4 ] (0.15 mmol) was added and the reaction mixture was heated to 96 8C and stirred for 24 h. The aqueous phase was separated and extracted with Et 2 O. The solvent was removed from the organic phases by evaporation under reduced pressure, and the product was purified by chromatography on silica.
2,6-Di-(4-perfluorooctyl)phenylaniline (3) 
Synthesis of salicylaldimines:
The corresponding aniline (1.16 mmol) (for aniline 3 dissolved in (trifluoromethyl)undecafluorocyclohexane (3 mL)) and a catalytic amount of formic acid were added to a solution of 3,5-diiodosalicylaldehyde (4) or aldehyde 4' (1.27 mmol) in MeOH (4 mL), and the mixture heated overnight at reflux. The precipitated imine was isolated by filtration and washed with cold methanol.
Data for 5 a: Yield: 70 %;
